Abstract-A wideband antenna with ±45°dual polarization is proposed. The antenna is mainly comprised of four printed trapezoidal metal walls standing on a ground plane that forms a 3-D open square aperture cavity structure with tapered cut on the four wall edges. The metal walls are fed by two orthogonally positioned (±45°) feeding networks, forming two pairs of dipole arms. Because of the excited magnetic-electric resonances, wide bandwidth can be achieved. The proposed antenna is fabricated, and the measured results show that it has an impedance bandwidth of 56% (1.62-2.87 GHz) for VSWR < 1.5. In addition, isolation of larger than 30 dB is also exhibited across the bandwidth between the two feeding ports. Because the proposed antenna has a hollow inside structure, it is a good candidate for multiband sharing aperture antenna element. Furthermore, it has a simplified fabrication process and is suitable for outdoor base station antennas that require VSWR < 1.5.
I. INTRODUCTION
Wideband antennas are widely used in both communication and radar systems with the advantages of high channel capacity, superior resolution and precise ranging [1] - [3] . Wide bandwidth and polarization diversity can increase the communication capability. Therefore, in recent years, many efforts have been made to develop antennas that can possess both wideband and dual-polarization characteristics. To attain good dual-polarized radiation, microstrip antenna designs are always the preferred candidate, because it has the advantages such as compact size, low cost, and light in weight. However, dual-polarized microstrip antennas always encounter undesirable port isolation performance. To improve the isolation, different feeding techniques such as aperture coupled feeding [4] - [6] , hybrid feeding [7] and antiphase feeding [8] , [9] have been studied, but due to their complex structure, fabrication of these antennas are not easy. Hence, recently, the technique of employing crossed dipoles design is introduced for dual-polarized antenna design [10] - [13] , because this technique will generally exhibit wide bandwidth and high isolation characteristics. One decade ago, a novel dipole antenna type was reported with wideband characteristic, and it is known as magnetoelectric (ME) dipole antenna [14] . By applying the concept of complementary antenna that consist of an electric dipole and a magnetic dipole, the ME dipole can exhibit very wide operating bandwidth [15] . Therefore, many wideband antenna designs that based on the ME dipole antenna concept have been studied, such as low profile ME dipole antenna [15] , dual-polarized ME dipole antenna [16] , differentiallyfed dual-polarized ME dipole antenna [17] , and ME dipole antenna with reconfigurable beamwidth [18] . However, because the dipole and patch antennas have always occupied most of the aperture area, thus it is difficult for different band antennas to share the same aperture. Even though the Vivaldi antenna design can give wide bandwidth and occupy a small area in the aperture plane, this antenna type has very high profile geometries (large dimension in the radiation direction) [19] .
In this communication, a novel ±45°dual-polarized and wideband antenna based on the ME dipole concept [14] is proposed. The entire 3-D structure of the proposed antenna resembles an open square aperture substrate cavity with metal radiation arms printed on the side wall substrate. To achieve magnetic dipole and electric dipole, two separate feeding lines are meticulously designed to feed the four top corners of the antenna by using bond wires, which in turn form two pairs of dipole arms. Details of the proposed antenna designs are described, and its corresponding simulation and experimental results will be discussed.
II. ANTENNA CONFIGURATION
The 3-D configuration of proposed ME dipole antenna and its corresponding coordinates are shown in Fig. 1 . In Fig. 1 , the 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. proposed antenna is placed in the middle of a ground plane (size 140 mm × 140 mm) printed on a 1.6 mm thick FR4 substrate. Four identical trapezoidal metal walls (or radiation arms) of height 45.7 mm are initially printed on four separate 1.6 mm thick FR4 substrates. By applying the box joints method on the two substrate edges of each radiation arm, all four radiation arms (Arms 1-4) can be joint together, forming an open square aperture cavity structure. In addition, the taper-end of all four arms are directly soldered to the ground plane printed below the substrate that they are standing on (via four slots that cut through the ground substrate, please see the bottom section of Fig. 3 ). This is for the purpose of introducing the loop resonance (magnetic dipole).
By further observing Figs. 1 and 2 (top view of proposed antenna), arms 1 and 4 are printed in the inner surface of the square aperture cavity, whereas arm 2 is printed on the outer surface. It is noteworthy that arm 3 is sandwiched between two substrates (double stacked substrate), because of the need to print two feeding strip lines (l 1b and l 2b ) on them. As depicted in both figures, two microstrip feeding lines (feeding lines 1 and 2) are fed into the antenna with orthogonal position for +45°and −45°polarization, respectively, via port 1 and port 2. Feeding line 1 is composed of a main 61.8 mm × 3 mm line and two narrow (0.7 mm) strip lines, namely, l 1a and l 1b . As for feeding line 2, it is composed of a main 45 mm × 3 mm line and two narrow (0.7 mm) strip lines, namely, l 2a and l 2b . The extension paths of these four narrow strip lines can be seen in Figs. 1 and 2 , and especially Fig. 3 , which shows the surface view of each wall from the selected viewing positions ①-⑤. By further observing Fig. 3 , it clearly shows that each narrow strip line is used to link to one of the arms via a bond wire, across the gap between the two arms. By doing so, two of the arms are combined as one dipole antenna, forming two dipole arms in this case.
To avoid confusion (because this is a 3-D structure), Fig. 4 shows the configuration of proposed antenna when the four trapezoidal metal walls (dipole arms) are detached and lying down on the ground plane. Here, the taper-end of each radiation arm is 12.96 mm long (soldered to the ground), and its corresponding opening-taper length is 61.6 mm. The trapezoidal structure of the radiation arm is formed by a curve line that has a function expressed as follows:
and a slope with opposite side (or leg) of length g = 15 mm with respect to the ground edge. In this case, parameter x 1 is the height (or adjacent side length) of this curve line vertically above the ground plane.
III. ANTENNA ANALYSIS PARAMETRIC STUDIES As described in Section II and shown in Figs. 1-3 , the dipole arms are soldered to the ground and the actual feeding points of all designated arms are in the top four corners (see Fig. 3 ). By doing so, the tapered cut edge on the wall can produce a loop effect, which can be seen as a magnetic resonator. To demonstrate this loop effect, the simulated current distributions on the arms (with and without shorting/soldered to the ground) at 1.8 GHz are shown in Fig. 5 . In this case, to avoid confusion and for brevity, the two feeding lines (feeding network) are not included in the simulation, with only one of the connecting bond wires serving as the feeding port (for the results shown in Figs. 5-9) . By observing Fig. 5 , without shorting the four radiation arms into the ground, very little current distribution can be observed along the curve edge of the arms at 1.8 GHz. In contrast, once the four radiation arms are shorted into the ground, large current distribution are observed on all radiating surfaces at 1.8 GHz, and thus a loop resonator is realized. Generally, the loop resonator can be seen as a magnetic resonator, while the dipole is seen as an electric resonator, so that the ME dipole can be formed. The corresponding equivalent circuits for the two cases (with/without shorting to the ground) are also shown in Fig. 5 . Fig. 6 gives the simulated VSWR responses of proposed antenna for the above two cases (with and without shorting to ground). For the case without shorting to ground, only one resonant frequency is observed at approximately 2.75 GHz with narrow bandwidth of 2.5-3.06 GHz for VSWR < 1.5. As for the one with shorting to ground, additional resonant frequency at 1.8 GHz (due to the loop effect) is excited. By further combining these two resonances, wide operating bandwidth of 1.7-2.84 GHz for VSWR < 1.5 can be achieved.
To further comprehend the design of this antenna, some of the vital parameters such as x 1 , g, and k are analyzed and presented. The simulated VSWR of the proposed antenna by tuning parameter x 1 is shown in Fig. 7 . Here, extending x 1 (see Fig. 4 ) means that the tapered curve line will be vertically extended upwards. By increasing x 1 from 25.2 to 40.2 mm, the two resonances can be separated farther away from each other, however, narrow bandwidth can be observed for x 1 = 25.2 mm, and a bulge (VSWR = 1.64) at approximately 2.15 GHz is observed for x 1 = 40.2 mm. Besides showing wide bandwidth of 51.2%, very good resonant frequency (with VSWR near to 1) is also observed at 2.54 GHz for x 1 = 35.6 mm, thus this value is chosen as the optimal value in this communication. Fig. 8 shows the effects of varying parameter g (see Fig. 4 ). By increasing g from 10 to 20 mm with a step increment of 5 mm, it clearly demonstrated that extending g (results in steeper slope at the opening-taper section of the arm) will aid in shifting the two resonant frequencies to the lower frequency band. Fig. 9 gives the effect of parameter k in (1) that will affect the curve line of the radiation arm. In this figure, an increase in k from 0.02 to 0.1 (with c 1 and c 2 fixed) will also aid in shifting the two resonant frequencies to the lower frequency band. Even though for the case k = 0.1 has shown wider operating bandwidth, a bulge (VSWR > 1.5) is observed Fig. 9 . Simulated VSWR when varying parameter k of (1). at approximately 2.1 GHz. It is also noteworthy that a smaller k can attain better impedance matching over the frequency band. Thus, the optimal k value in this case is chosen as 0.053.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
To verify the proposed design, a prototype antenna was fabricated and measured. Fig. 10 shows a photograph of the antenna prototype, and Fig. 11 shows the simulated and measured VSWR and isolation results. As depicted in Fig. 11 , the measured VSWRs in both port 1 (at +45°pol.) and port 2 (at −45°pol.) show good operating bandwidths of approximately 56% (1.62-2.87 GHz) for VSWR < 1.5. In addition, the measured isolations were better than 30 dB over the operating bandwidth. Good agreements are shown between the simulated and measured results, and the discrepancies between the two results may be due to minor fabrication errors. By comparing the measured VSWRs (port 1 and port 2) with the simulated one without the two feeding lines (feeding network), there are some ripples, which should be caused by the microstrip feeding line.
The radiation patterns of proposed antenna for port 1 (at +45°pol.) and port 2 (at −45°pol.) were measured in an anechoic chamber. Because the anechoic chamber available to the authors is a tapered (L-shaped) type, thus, the measured back lobe patterns are unavailable. Fig. 12 shows the simulated and measured patterns at 1.7, 2.3, and 2.9 GHz in both elevation and azimuth planes, and good broadside patterns were measured. In these cases, all the simulated cross polarization levels (XPL) were below −20 dB in broadside direction and below −15 dB in the main beam. Here, better XPL in the broadside direction can be achieved, because there is no radiation in broadside direction for dipole mode. As for the slightly undesirable XPL in the main beam, it may be because this proposed design is based on the vertical structures, and thus there could be some radiation based on vertical dipole mode. The realized gains of proposed antenna for port 1 (at +45°pol.) and port 2 (at −45°pol.) were measured and given in Fig. 13 . Here, the measured realized gains varied between 5.8 and 8.9 dBi over the bands of interest.
It is worth noting that the ground size used in this communication is 140 mm × 140 mm. It is used to shield the power radiating to the opposite side of the main beam, and the effect is similar to that of a conventional dipole. If the ground is reduced to the size of the aperture, or the shape of the ground is changed to other form (example U-shaped), even though the radiation patterns may have change due to these two phenomena, the VSWR performance of the proposed antenna can be sustained. As this communication only focuses on the ME dipole design, for brevity, detail ground effects on the radiation patterns will not be given. Table I shows the comparison between the proposed antenna and other ME dipole antennas reported in the open-literature. By observing Table I , it is obvious that the proposed antenna has the widest operating bandwidth (56%) for VSWR < 1.5 compared with [14] and [15] . Even though [16] and [17] have shown an operating bandwidth of > 65%, they were measured across VSWR < 2.0. The fabrication in [16] is not simple and [17] requires a large aperture area of 122 mm × 122 mm. As for the isolation of proposed antenna, even though [16] and [17] have shown better isolation of at least 36 dB, however, >30 dB of isolation between the two feeding ports in this case is more than sufficient.
V. CONCLUSION
A dual-feed, wideband and dual-polarized antenna with magneticelectric resonances has been successfully studied and implemented.
The proposed antenna is mainly composed of four identical trapezoidal metal walls standing on a ground to produce the resonant loop and magnetic resonances, and it occupies only a very small aperture area. A wide operating bandwidth of 56% for VSWR < 1.5, high isolation of better than 30 dB between the two feeding ports, and desirable radiation performances are exhibited by the proposed antenna.
